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The nervous system development of the sea cucumber Stichopus japonicus was investigated to explore the development of the bilateral larval
nervous system into the pentaradial adult form typical of echinoderms. The first nerve cells were detected in the apical region of epidermis in the
late gastrula. In the auricularia larvae, nerve tracts were seen along the ciliary band. There was a pair of bilateral apical ganglia consisted of
serotonergic nerve cells lined along the ciliary bands. During the transition to the doliolaria larvae, the nerve tracts rearranged together with the
ciliary bands, but they were not segmented and remained continuous. The doliolaria larvae possessed nerves along the ciliary rings but strongly
retained the features of auricularia larvae nerve pattern. The adult nervous system began to develop inside the doliolaria larvae before the larval
nervous system disappears. None of the larval nervous system was observed to be incorporated into the adult nervous system with
immunohistochemistry. Since S. japonicus are known to possess an ancestral mode of development for echinoderms, these results suggest that the
larval nervous system and the adult nervous system were probably formed independently in the last common ancestor of echinoderms.
© 2005 Elsevier Inc. All rights reserved.Keywords: Larval nervous system; Auricularia; Doliolaria; Pentacutula; Apical ganglia; Development; Metamorphosis; Sea cucumber; EchinodermIntroduction
Echinoderms are unique animals with adults having a five-
fold symmetric body plan, which can be easily seen in starfish
and brittle stars. How they acquired this unusual body plan still
remains uncertain. Studies on their nervous system have
revealed that this too is pentaradial with a nerve ring encircling
the mouth and five radial nerves radiating into each ray of the
body (Hyman, 1955; Smiley, 1994). The evolution of the
echinoderm adult nervous system is still not well known, but
since body plan development in animals is intimately associated
with development of the nervous system, studies on echinoderm
nervous system development may reveal new knowledge on the
evolution of the pentaradiate body plan of the phylum.
In contrast to the adult stage, echinoderms possess a
bilaterally symmetrical dipleurula-type larva. Immunohisto-
chemical studies have revealed that the larval nervous system is⁎ Corresponding author. Kristineberg Marine Research Station, SE 450 34,
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doi:10.1016/j.ydbio.2005.12.038bilaterally symmetrical, with nerve tracts along the ciliary bands
and one or two anterior ganglion(a) of serotonin-positive cells
(Burke et al., 1986; Thorndyke et al., 1992; Nakajima et al.,
1993; Moss et al., 1994; Chee and Byrne, 1999; Cisternas and
Byrne, 2003; Nakajima et al., 2004b). This also applies to the
tornaria larvae, the dipleurula-type larva of the hemichordates, a
sister group of the echinoderms (Dautov and Nezlin, 1992;
Nakajima et al., 2004a). A different type of larva, the doliolaria
larva, is also present in echinoderms. This is a barrel-shaped
larva with four or five circumferential ciliary bands. Some
echinoderms possess only the doliolaria larva, while others have
the doliolaria larval stage following the dipleurula-type larval
stage. Compared to the dipleurula-type larva, the nervous
system of doliolaria larvae has been reported for only few
species to date (Chia et al., 1986; Lacalli and West, 2000).
Recent data suggest that the last common ancestor of
echinoderms possessed a doliolaria larva following the
dipleurula larval stage, and it is the doliolaria larvae that
metamorphose into the adult stage (Nakano et al., 2003). Thus,
the doliolaria larva is important when considering the evolution
of the echinoderm adult nervous system and its relationship
with their larval nervous system.
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relationship between the bilaterally symmetric larval nervous
system and the pentaradiate adult nervous system of echino-
derms, and whether the larval nervous system is incorporated
into the adult or not. Previous reports showmixed results (Nezlin
et al., 1991; Beer et al., 2001; Byrne and Cisternas, 2002;
Cisternas and Byrne, 2003). However, all the species studied
have a derived mode of development lacking a doliolaria larva.
Therefore, their development may not represent the ancestral
mode of nervous system development for echinoderms.
In the present study, nervous system development in the sea
cucumber Stichopus japonicus was investigated by immuno-
histochemistry. This species was chosen since they retain the
ancestral developmental pattern of echinoderms: a feeding
dipleurula-type larva followed by a doliolaria larva (Fig. 1). The
ancestral pattern of nervous system development of echino-
derms is inferred from the results.
Materials and methods
Animals and embryos
The collection of adult S. japonicus by SCUBA from Mutsu Bay, Aomori,
was kindly performed by the staff of Aomori Fisheries Technology Center
(AFTC, Aomori City, Japan). Induction of spawning by temperature shift and
light control, artificial fertilization, and cultivation of embryos were carried out
at the Center in June 2003 and May 2004. The larvae were cultivated at AFTC,
Asamushi Research Center for Marine Biology, our laboratory in University of
Tokyo, Kashiwa, or in Keio University, Yokohama at room temperature (ca. 15
to 25°C). The larvae were fed diatoms once a day.
Antisera
Three kinds of primary antibodies were used to visualize the nervous system
of larvae and juveniles. 1E11 and 1F9 hybridoma cells were developed in miceFig. 1. Schematic illustration of sea cucumber Stichopus japonicus auricularia
and doliolaria larvae. (A) Mid-auricularia larva. ad, anterior dorsal ridge; an,
anus; ar, apical ridge; av, anterior ventral ridge; dcb, dorsal ciliary band; e,
esophagus; m, mouth; md, mid-dorsal ridge; oh, oral hood; pd, posterior dorsal
ridge; p-e, peri-esophageal region; pl, posterior lateral ridge; pot, postoral
transverse ciliary band; prt, preoral transverse ciliary band; pv, posterior ventral
ridge; pyl, pylorus; asterisk, lower lip. (B) Late doliolaria larva. app, ambulacral
primary podia; cr, ciliary ring, numbered 1–5 from the anterior. The names cr1–
cr5 are used in the text and Fig. 5.; oo, oral opening; pbt, primary (buccal)
tentacles. Modified from Shoguchi et al., 2000.immunized with extract of radial nerve of the starfish, Asterina pectinifera.
These antibodies specifically recognize known and novel structures of the larval
nervous system in A. pectinifera and other species of echinoderms (Nakajima et
al., 2004b). Rabbit anti-serotonin polyclonal antibody (DiaSorin, USA) was also
used.
Immunolocalization
Embryos and larvae were fixed in 4% paraformaldehyde in phosphate-
buffered saline (PBS) or seawater for 15 to 20 min at room temperature. Animals
were washed twice in PBS and dehydrated through a graded ethanol series and
stored in 75% ethanol at −20°C. The specimens were washed three times with
75% ethanol and treated with acetone (precooled at −20°C) on ice for 40 min.
Samples were rinsed three times with PBST (PBS containing 0.1% Tween 20)
and then incubated in either 1E11, 1F9, anti-serotonin antibody (diluted 1:2000
in PBS), overnight at 4°C. Negative control samples were treated in PBS instead
of primary antibodies at this step. After several rinsing with PBST, samples were
treated with secondary antibodies labeled with either Alexa Fluor 488, 546, or
Texas Red (Molecular Probes, USA). Goat anti-mouse secondary antibodies
were used for the 1E11 and 1F9 antibodies and goat anti-rabbit secondary
antibodies for the polyclonal anti-serotonin antibody. They were then rinsed
with PBST. Then samples were dehydrated through a graded ethanol series and
transferred into benzyl benzoate for clearing the later stage opaque larvae.
Samples were observed with confocal laser scanning and difference interfer-
ence-contrast (DIC) microscopes (Carl Zeiss LSM510, Leica TCS SP2 or
Olympus Fluoview FV300) or a fluorescence microscope (Olympus BX51).
Results
The formation and the rearrangement of the nervous system
during development of a sea cucumber S. japonicus were
analyzed using immunohistochemistry. Embryos and larvae
were staged according to Yoshida et al., 2002. Names of the
larval body parts used in the text are described in Fig. 1.
Differentiation of nerve cells
Positive signals with the antibodies were first observed in the
apical region of the ectodermal epithelium at the late gastrula
stage. Several 1E11-positive cells appeared, and a few of these
cells also reacted positively to anti-serotonin antibody (Figs.
2A–D). No staining with the 1F9 antibody was observed at this
stage (data not shown). The number of immunoreactive cells
increased at the site as development progressed. At the early
auricularia stage, the cells with 1E11 immunoreactivity were
incorporated into the ventral surface of the oral hood (Figs. 2E–
H). Some of these cells also showed serotonergic immunore-
activity at this stage. Pseudopod-like processes were seen in
some of the 1E11 reacting cells, probably the growing neurites
(Fig. 2I arrows).
Nervous system of the auricularia larva
Mid-auricularia larva possessed prominent 1E11 immuno-
reactive nerve tracts along the ciliary bands (Fig. 3A). Flask-
shaped 1E11-positive cell bodies were seen lined along the
preoral and postoral (transverse) ciliary bands, with axons
extending into the ciliary band nerve tracts (Fig. 3A inset).
Lateral and slightly posterior to the mouth, a Y-shaped bundle of
1E11-positive neurites were present. This lateral triradial nerve
tract connected the preoral, postoral, and the dorsal ciliary band
Fig. 3. Nervous system of S. japonicus mid-auricularia larva. (A) Staining with 1E11. Nerve tracts can be seen along the ciliary band. 1E11-positive nerve cells are
present along the ciliary band nerve tracts, especially at the preoral and the postoral ciliary band nerve tracts. The preoral, postoral, and dorsal ciliary band nerve tracts
are connected by the lateral triradial nerve tracts (arrows). Immunoreactive cells were also observed in the lower lip (asterisk), peri-esophageal region (p-e), around the
pylorus (pyl), and around the anus (an). Inset: two flask-shaped 1E11-positive cells in the preoral transverse ciliary band nerve tract (arrowheads). The cells line the
tract at about 10-μm intervals. (B) Prominent serotonergic immunoreactivity is seen along the ciliary bands in the anterior part of the larva. The left and the right ciliary
band nerve tracts are connected by a nerve tract at the anterior ridge (double arrowheads). Many nerve cells line the ciliary band nerve tracts in the anterior part of the
larva, especially on the ventral side. Some nerve cells, with axons extending to the ciliary band nerve tracts, are present in the oral hood (yellow arrows). (C) 1F9
immunoreactivity. Nerve tracts are seen along whole length of the ciliary band. The preoral transverse ciliary band nerve tract (prt) shows weak immunoreactivity, and
the 1E11-positive cell bodies at the preoral and postoral ciliary band nerve tracts (pot) are not immunoreactive to 1F9. A few immunoreactive nerve cell bodies are seen
along the dorsal ciliary band nerve tracts (dcb). (D) The lateral triradial nerve tract (arrows), Y-shaped bundle of 1E11-positive neurites connecting the preoral
transverse (prt), postoral transverse (pot), and the dorsal (dcb) ciliary band nerve tracts. Left lateral view with the ventral side towards the left of the image. (E) Anterior
part of the larvae, ventral view. Double staining with 1E11 (green) and serotonin (red) antibodies. A serotonergic commisure connects the right and left ciliary bands at
the apical ridge (ar) of the larva (double arrowhead). Serotonergic cell bodies are seen along the ciliary band nerve tracts. (F) Two bipolar serotonergic interneurons at
the anterior region of the larvae (arrowheads). They extend axons into the nerve tracts. Scale bars: A–C, 100 μm; A inset, 10 μm; D–F, 50 μm.
Fig. 2. 1E11 and serotonergic immunoreactivity of Stichopus japonicus from late gastrula to early auricularia larvae. (A–D) Late gastrula. 1E11 immunoreactivity was
first observed in some cells at the anterior tip of the late gastrula stage (B). Some of the 1E11-positive cells were also positive with the serotonin antibody (B–D). One
of them is marked with arrowheads (B–D). The anterior regions of the embryos are enlarged in the inset (B–D). (E–I) Early auricularia. 1E11-positive cells were
present in the oral hood (F). Some cells also showed serotonergic immunoreactivity (G, H). Pseudopod-like processes extended from some of the 1E11 reacting cells in
the oral hood (I, arrows). (A, E) Nomarski DIC images. Scale bars: A, E: 50 μm, I: 10 μm.
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Fig. 4. Larvae during the transition from auricularia larva to doliolaria larva. (A)
Serotonergic immunoreactivity of a late auricularia larva that has began the
transition into doliolaria larva. The ciliary band nerve tracts have shifted their
positions but remain continuous and none of the nerve tract parts are lost. The
nerve tracts in the anterior part of the larva show high serotonergic
immunoreactivity. The right anterior ventral ridge ciliary band has curved
toward the ventral midline (arrowhead), but the left tract has become straight
(arrow). (B) Serotonergic immunoreactivity in a larva during the transition from
auricularia to doliolaria larva. The ridges have been absorbed and the body size
has decreased. The posterior ventral ridge ciliary band nerve tracts have
elongated anteriorly (arrowheads), bringing the postoral ciliary band nerve tract
(arrow) with them. They are shifted to the left from the midline. (C) Serotonergic
immunoreactivity of a larva during the late stage of the transition. The anterior
ventral ridge ciliary band nerve tracts have become close to each other at the
ventral side, forming a circle (arrows). Cell bodies can be seen along the circle.
(D) 1F9 immunoreactivity of the same larva as in panel C. Signals can be seen
along the rearranging ciliary bands. The adult nervous system seen in Figs. 5 and
7 is not yet present. Scale bars: 100 μm.
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observed in the lower lip, peri-esophageal region, around the
pylorus, and around the anus (Fig. 3A).
Serotonergic signals along the ciliary bands were promi-
nent in the anterior half of the larva (Fig. 3B). There was a
serotonergic nerve tract connecting the left and right ciliary
band tracts at the apical ridge of the larva (Figs. 3B, E).
Although few cell bodies were positioned at the oral hood
away from the ciliary bands (Fig. 3B), almost all of the
serotonergic nerve cell bodies were found lined along the
ciliary bands in the anterior part of the larva on both ventral
and dorsal sides (Figs. 3B, E, F). All of these cells also
reacted positive to 1E11 (Fig. 3E and data not shown). Some
of them were interneurons extending axons into the nerve
tracts (Fig. 3F). At the anterior, these cells (about thirty in late
auricularia larva) comprise the bilateral serotonergic apical
ganglia. No single ganglion was seen at the apical tip of the
larva.
Immunoreactivity to monoclonal antibody 1F9 was first
observed at this stage. It showed positive staining along the
ciliary bands, but the signal was weak in the preoral
transverse ciliary band (Fig. 3C). 1F9-positive cell bodies
were seen along the whole length of the ciliary bands, but the
1E11-positive nerve cell bodies at the preoral and postoral
transverse ciliary bands did not show 1F9 immunoreactivity
(Fig. 3C).
No fine networks of neurites were detected in the epidermis
with these three antibodies in S. japonicus auricularia larvae
(Fig. 3).
Transition to the doliolaria larva
During the transition from the auricularia to the doliolaria
larva, the ciliary band nerve tracts moved together with the
rearranging ciliary bands. The ciliary band nerve tracts retained
prominent immunoreactivity throughout the rearrangement, and
unlike the ciliary bands, they remained continuous and were not
segmented (serotonergic immunoreactivity is shown in Figs.
4A, B). The rearrangement was asymmetrical, especially at the
ventral side. The right anterior ventral ridge nerve tract curved
toward the ventral midline, whereas the left tract became
relatively straight (Fig. 4A). This will result in an asymmetrical
formation of the second ciliary band nerve tract in the doliolaria
larva (see Figs. 5, 6). The postoral and posterior ventral ridge
ciliary band nerve tracts elongated anteriorly, shifted to the left
(Fig. 4B). The cell bodies along the ciliary band nerve tracts
also retained serotonergic immunoreactivity and moved togeth-
er with the tracts during the transition (Fig. 4C). Immunoreac-
tivity to monoclonal antibody 1F9 was observed at the ciliary
band nerve tracts but not in the serotonergic nerve cell bodies
along the tracts (Fig. 4D).
Nervous system of the doliolaria larva
At the mid-doliolaria stage, nerve tracts associated with the
circumferential ciliary rings were present (Figs. 5A–F). The
nerve ring formed at the anterior part of the larva during thetransformation (Fig. 4C) became the nerve tract of first ciliary
ring from the anterior (cr1 in Figs. 1, 5). It was prominent and
thick, with serotonin-positive nerve cells lining the tract (Fig.
5A). Nerve tracts that were not taken into the ciliary ring nerve
tracts were retained in the doliolaria larva, resulting in a
complex pattern of the nerve tracts and showing traces of the
auricularia nerve tract arrangement. The transition of the
nervous system from the auricularia to doliolaria (as inferred
from Figs. 4, 5, and unshown data) is summarized in Fig. 6. The
most conspicuous of the non-ciliary ring nerve tract was those
that formerly comprised the posterior ventral ridge ciliary band
(Figs. 5A–D). They ran longitudinally on the ventral side but
were slightly shifted to the left at the anterior side, where they
remained continuous with the former postoral portion of the
ciliary band nerve tract (Fig. 5C). Since the curves and
longitudinal parts of the ciliary bands of the auricularia nerve
tract were retained, the five ciliary ring nerve tracts were
continuous with each other and not completely circumferential,
especially at the dorsal side (Figs. 5C–F). As the larva reached
the late doliolaria stage, immunoreactivity of both the ciliary
and non-ciliary band nerve tracts was gradually lost, beginning
from the posterior region (Fig. 5G). The nerve tract of the most
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but this was lost before settlement. 1F9 immunoreactivity of the
ciliary band nerve tract persisted longer than the serotonergic or
1E11 immunoreactivity (Fig. 5H) but was lost later in
development (Fig. 7).
Formation of the adult nervous system
In the mid-doliolaria larva, several long strands with
intense 1F9 immunoreactivity appeared, apparently the
emerging adult nervous system of sea cucumbers (Figs. 5B,
D, F). The main adult nervous system of sea cucumbers
consists of a nerve ring around the mouth and five radial
nerves extending from the nerve ring posteriorly (Hyman,
1955; Smiley, 1994). 1F9 immunoreactivity was seen in both
the nerve ring and radial nerves, as well as in the developing
primary (buccal) tentacle (Figs. 5B, D, F, H). The adult
nervous system did not show serotonergic immunoreactivity
(compare Figs. 5B, D, F, and 7A with Figs. 5A, C, E, and 7B),but positive signals for 1E11 were seen in adult nerves of the
primary tentacle (data not shown). As the doliolaria larva
turned into the pentacutula larva, the ring nerve, with nerve
tracts of the primary tentacles branching from it, was still at
the middle portion of the larva, well inside the oral opening
(Fig. 7A). It was a completely different structure from the
most anterior ciliary ring (cr1) nerve tract, obvious from the
difference in their positions and immunoreactivity (Figs. 7A,
B). When the larva settled and the primary tentacles protruded
from the oral opening, the ring nerve had moved to an anterior
position near the oral opening (Figs. 7C–F). Radial nerves
were already present when the nerve ring was still at the mid-
position of the doliolaria larva (Fig. 7A). The five radial
nerves did not appear concurrently. Some juveniles possessed
only three or four radial nerves (Figs. 7D, E). The nerve ring
in these larvae was not round but square in shape, with the
radial nerves extending from the corners. The radial nerves
within a single larva had different lengths and thickness
between each other. In juveniles with five radial nerves, the
nerve ring became a pentagonal shape (Fig. 7F). The radial
nerves still showed different degrees of formation, and one of
them showed a branching structure, which is the nerve tract of
the ambulacral primary podia (Figs. 7E, F).
Discussion
We have reported nervous system development in the sea
cucumber S. japonicus. This is the first detailed report of
nervous system development, from bilateral embryos to
pentaradial juveniles, in an echinoderm with the ancestralFig. 5. Nervous system of S. japonicus doliolaria larva. The larvae were double
stained with serotonin and 1F9 antibodies. Panels A, C, E, and G show
serotonergic, and panels B, D, F, and H show 1F9 immunoreactivity of the same
view, respectively. The adult nervous system shows intense 1F9 immunoreac-
tivity (B, D, F, H, yellow arrows) but is not immunoreactive to serotonin (A, C,
E, G). The ciliary nerve ring tracts are numbered cr1 to cr5 from the anterior in
(C, E) as in Fig. 1. (A, B) Mid-doliolaria larva, anterior ventral view. Serotonin-
positive nerve cells lined the most anterior ciliary ring nerve tract (white arrows
in A). These cell bodies could not be observed with the 1F9 antibody (B). (C, D)
Mid-doliolaria larva, ventral view. A part of the second anterior ciliary ring (cr2
in Fig. 1) nerve tract which was formed from a portion of the auricularia right
anterior ventral ridge ciliary band nerve tract is shown between the white arrows
(C, D). Anterior parts of the former posterior ventral ridge ciliary band nerve
tracts have elongated to the anterior and shifted to the left (C, arrowheads). (E, F)
Mid-doliolaria larva, dorsal view. The nerve tract that bridged the right and left
nerve tracts at the anterior ridge of the auricularia larva is recruited into the
dorsal portion of the most anterior ciliary nerve ring (cr1) (E, F, white arrows).
The second anterior ciliary ring (cr2) nerve tracts make a perpendicular turn
towards the anterior (E, white arrowheads) and are connected to the first anterior
nerve tract. Thus, the second anterior nerve tract is not connected at the dorsal
midline. The rest of the ciliary ring nerve tracts make a hairpin curve close to the
dorsal midline, so they are not completely circumferential (E, white double
arrowheads). This can also be seen in panel F. The nerves of the primary (buccal)
tentacles (F, yellow arrowheads) can be seen extending anteriorly from the adult
nervous system (F, yellow arrows). (G, H) Late doliolaria larva, right view.
Serotonergic immunoreactivity is seen only along the most anterior ciliary ring
nerve tract, surrounding the oral opening with the protruding primary tentacles
(G). Immunoreactivity to 1F9 is still present along the ciliary ring nerve tracts
(H). White arrowheads show the primary buccal tentacles with nerve tracts
inside them (H). Scale bars: 100 μm.
Fig. 6. Summary diagrams of the transition of the nervous system in S. japonicus
larvae as inferred from Figs. 4, 5 and unshown data. Nerve tracts that line the
ciliary bands are shown with the thick lines in all larvae. The first ciliary ring
(cr1 in Figs. 1, 5) nerve tract of the doliolaria is made mainly from the anterior
ventral ridge ciliary band nerve tracts (red). The nerve tract that bridges the right
and left nerve tracts at the anterior ridge of the auricularia (pink) is recruited into
the dorsal portion of this nerve ring. The second anterior ciliary ring (cr2) nerve
tract is formed asymmetrically, from the anterior dorsal ridge ciliary band nerve
tracts (orange) plus the right portion of the anterior ventral ridge ciliary band
nerve tract (yellow). The third anterior ciliary ring (cr3) nerve tract is formed
from the mid-dorsal ridge ciliary band nerve tracts (green). The fourth ciliary
ring (cr4) nerve tract is generated from the posterior ventral (light blue) and the
posterior dorsal (blue) ridge ciliary band nerve tracts. The fifth ciliary ring (cr5)
nerve tract is made by elongation and fusion of the posterior lateral ridge ciliary
band nerve tracts (purple). Nerve tracts that are not reused for ciliary ring nerve
tracts are retained in the doliolaria (thin black). Thus, the ciliary ring nerves are
not completely circumferential and remain connected to each other. The
auricularia posterior ventral ridge and the postoral ciliary band nerve tracts
elongate to the anterior.
Fig. 7. Formation of the adult nervous systems in S. japonicus. (A, C–F) 1F9
immunoreactivity, (B) serotonergic immunoreactivity. (A, B) Pentacutula larva.
The most anterior ciliary ring nerve tract (white arrowheads) shows serotonergic
immunoreactivity, but the nerve ring of the adult nervous system (white double
arrowhead) does not. They are two different structures. Nerve tracts of the
primary (buccal) tentacles branch out from the nerve ring anteriorly (yellow
arrowheads). Radial nerves can be seen. (C) Settled juvenile stage. The ciliary
ring nerve tract has disappeared, and the nerve ring of the adult nervous system
(white double arrowhead) has moved to an anterior position, close to the oral
opening. (D) Settled juvenile with three radial nerves (arrows). The nerve ring is
a square. (E) Settled juvenile with four radial nerves (arrows) and a square nerve
ring. (F) Settled juvenile with a pentagonal nerve ring. Five radial nerves
(arrows) are present. The radial nerve with the yellow arrow in (E) and (F) has a
branching structure (yellow double arrowheads), the nerve tract of the
ambulacral primary podia. Scale bars: 100 μm.
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doliolaria larva.
Comparisons with other echinoderm larvae
Serotonin-positive cells first appeared at the anterior end of
the late gastrula stage (Fig. 2C). This is in agreement with
reports from other echinoderm larvae with a dipleurula-type
larva (Bisgrove and Burke, 1987; Nakajima, 1988; Thorndyke
et al., 1992; Moss et al., 1994; Chee and Byrne, 1999). Mid-
auricularia larva possessed nerve tracts along the ciliary bands
(Figs. 3A–C), which matches reports of dipleurula-type larvae
from other species of echinoderms (Bisgrove and Burke, 1987;
Nakajima, 1988; Nakajima et al., 1993, 2004b; Nezlin et al.,
1991; Thorndyke et al., 1992; Chee and Byrne, 1999; Cisternas
and Byrne, 2003) and hemichordates (Dautov and Nezlin, 1992;
Nakajima et al., 2004a). The 1E11 staining pattern was almost
identical to the previously reported S. japonicus auricularia
catecholaminergic nervous system revealed by the glyoxylicacid method (Nakajima, 1987) and to those of other species of
sea cucumbers (Burke et al., 1986; Chen et al., 1995). Apart
from the ciliary bands, immunoreactive cells were also observed
in the lower lip, peri-esophageal region, around the pylorus, and
around the anus in S. japonicus auricularia larvae. The same has
been reported for starfish and sea urchin larvae using the same
antibody (Nakajima et al., 2004b).
No fine networks of neurites were detected in the epidermis
with these three antibodies in S. japonicus auricularia larvae
(Fig. 3), whereas the morphologically similar bipinnaria larvae
of starfishes are known to possess these (Nakajima et al.,
2004b). The absence of the neurite network was also
confirmed with transmission electron microscopy (TEM, data
not shown), showing that the difference seen between the
classes was not due to immunoreactivity against antibodies,
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genuine feature of the S. japonicus auricularia larva.
Apical ganglion
Dipleurula-type larvae of echinoderms and hemichordates
are known to possess either a single serotonergic apical
ganglion (Bisgrove and Burke, 1987; Tagawa et al., 2001;
Nakajima et al., 2004a) or a pair of serotonergic apical ganglia
(Nakajima et al., 2004b). Which is the ancestral state of the
nervous system for the dipleurula-type larvae still remains
unknown (Lacalli, 1994). In S. japonicus auricularia larva, a
pair of serotonergic apical ganglia was found bilaterally along
the ciliary bands (Figs. 3B, E). Some of those serotonergic cells
showed the typical shape of interneurons (Fig. 3F). However, in
another sea cucumber Parasticopus californicus, it has been
reported that ‘a single ganglion of 10 to 12 cells was shown to
lie beneath the epidermis at the apical tip of the larva’ (Burke et
al., 1986). Such a ganglion was never observed in auricularia
larvae of S. japonicus. Although this difference may result from
a difference of species, a closer look at Fig. 12 in the report on P.
californicus (Burke et al., 1986) shows that the species indeed
has a pair of serotonergic apical ganglia along the bilateral
ciliary bands at the apical end of the larva, identical to the
observations made in this study on S. japonicus. A pair of
bilateral serotonergic apical ganglia has also been reported for
bipinnaria larvae of starfish (Nakajima, 1988; Moss et al., 1994;
Byrne and Cisternas, 2002; Nakajima et al., 2004b). In contrast,
the situation of the ganglia in the pluteus larvae of sea urchins is
still being questioned (Bisgrove and Burke, 1987; Nakajima et
al., 2004b), and there have been few studies of crinoids and
ophiuroids (Chia et al., 1986; Cisternas and Byrne, 2003).
Therefore, although we suggest that the ancestral state for sea
cucumber auricularia larva is a pair of apical ganglia, the
ancestral state for the dipleurula larva in the common ancestor
of echinoderms remains unclear.
Rearrangement of the larval nervous system
Descriptions of changes in the internal anatomy and the
ciliary bands during the auricularia to doliolaria transformation
have been reported previously (Smiley, 1986; Smiley et al.,
1991; Lacalli, 1993; Lacalli and West, 2000), but this is the
first report of the changes of the larval nervous system during
the transformation. The ciliary band nerve tracts basically
repositioned together with the ciliary bands (Figs. 4–6).
However, one significant difference from the ciliary bands is
that, contradictory to the hypothesis of Lacalli and West
(2000), the nerve tracts remained continuous during transfor-
mation. Even the parts of the auricularia ciliary band nerve
tracts that were not reused in the doliolaria ciliary band nerve
tracts were retained in the doliolaria. This is most conspicuous
in the former postoral and posterior ventral ridge ciliary band
nerve tracts, which elongate to the anterior (Figs. 5C, 6). Since
the mouth is known to move from a mid-ventral position to an
anterior position during this transition (Smiley et al., 1991),
these nerve tracts possibly moved together with the mouthanteriorly. Because of the remaining non-ciliary band nerve
tracts, the nerve tracts of the five doliolaria nerve rings
remained connected to each other (Figs. 5, 6). Moreover, these
non-ciliary band nerve tracts showed immunoreactivity until
the late doliolaria stage (Fig. 5), suggesting that they are
functional neurons. This may enable the doliolaria larva to
swim in a coordinated manner.
Formation of the adult nervous system
The radial nerves and the nerve ring of the adult nervous
system rapidly developed inside the doliolaria larvae (Figs. 5,
7). The adult nervous system developed while the larval nerve
tracts were still present, and the two nervous systems showed
different immunoreactivity (Figs. 5, 7). Therefore, although the
most anterior ciliary ring (cr1 in Figs. 1, 5) nerve tract and the
adult nerve ring are similar in their shape and position, they
were two completely different structures.
None of the larval nervous system was observed to be
incorporated into the adult nervous system using the antibody
1E11. However, we must take care in interpreting the results
since although antibody 1E11 is believed to be a pan-
neuronal marker in starfish and sea urchin larvae, this has not
been confirmed in S. japonicus. First, the pattern of
immunoreactivity in S. japonicus was similar to starfish and
sea urchin larvae as discussed above. Even the immunore-
activity of the nerve cells in the lower lip, peri-esophageal
region, around the pylorus, and around the anus was
reproduced. Second, we were always able to find nerve
tracts using TEM where there was 1E11 immunoreactivity
but have not found nerve tracts in regions that do not show
1E11 immunoreactivity in S. japonicus (data not shown).
From these observations, we suggest that the adult nervous
system develops independent of the larval nervous system in
S. japonicus. Since S. japonicus are known to possess an
ancestral mode of development for echinoderms, we further
suggest that adult nervous system is formed independently
from the larval nervous system in the common ancestor of
echinoderms as well. This view is in agreement with the
theory suggested by Cobb (1990) that the adult nervous
system of echinoderms was ‘re-invented’, and that the adult
tissues of echinoderms are secondarily evolved.
The adult nervous systems of S. japonicus did not show
five-fold symmetry during the early stages of their formation.
(Fig. 7). Since a triradiate echinoderm ancestor is known
from fossil records (Paul and Smith, 1984), this state could be
a remnant of the ancestral adult body plan. However, we
could not find juveniles with a triradiate nervous system.
Alternatively, the asymmetrical growth of the radial nerves
may have been acquired for better juvenile survival rate
during the evolution of sea cucumbers. Rapid growth of the
radial nerve with the nerve tract branching into the
ambulacral primary podia will enable the juvenile to use
the podia and to move fast at an earlier age, an obvious
advantage for survival. Reports from other classes of
echinoderms and other species of sea cucumbers are needed
for verification.
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